Colonization history, landscape structure, and environmental conditions may influence patterns of neutral genetic variation because of their effects on gene flow and reproductive mode. We compared variation at microsatellite loci within and among 26 Arabidopsis lyrata populations in two disjunct areas of its distribution in northern Europe (Norway and Sweden). The two areas probably share a common colonization history but differ in size (Norwegian range markedly larger than Swedish range), landscape structure (mountains vs. coast), and habitat conditions likely to affect patterns of gene flow and opportunities for sexual reproduction. Within-population genetic diversity was not related to latitude but was higher in Sweden than in Norway. Population differentiation was stronger among Norwegian than among Swedish populations (FST ¼ 0.23 vs. FST ¼ 0.18). The frequency of clonal propagation (proportion of identical multilocus genotypes) increased with decreasing population size, was higher in Norwegian than in Swedish populations, but was not related to altitude or substrate. Differences in genetic structure are discussed in relation to population characteristics and range size in the two areas. The results demonstrate that the possibility of clonal propagation should be considered when developing strategies for sampling and analyzing data in ecological and genetic studies of this emerging model species.
Demographic history of populations, gene dispersal, and breeding system are major factors influencing patterns of neutral genetic diversity and differentiation. Plant populations of the northern hemisphere were subject to range contractions and expansions as a consequence of climate fluctuations during the Quaternary period. In northern Europe, most populations located in previously glaciated regions are the products of postglacial colonization from ancestral populations that survived in more southern refugia outside the glaciated area (Comes and Kadereit, 1998; Taberlet et al., 1998; Hewitt, 2000 Hewitt, , 2004 Despres et al., 2002; Schönswetter et al., 2003) . Successive founder events along colonization routes can explain a gradual decline in within-population diversity and an increase in among-population differentiation away from refugia (Hewitt, 2000 (Hewitt, , 2004 .
At more restricted historical and spatial scales, landscape structure and degree of habitat fragmentation influence patterns of gene flow and thereby genetic diversity within populations and genetic differentiation among populations (Young et al., 1996) . For lowland plants, alpine areas represent unsuitable habitat and may constitute physical barriers to gene flow, promoting genetic differentiation among populations (Heuertz et al., 2004; Hewitt, 2004) . In contrast, other landscape characteristics, such as river systems, may promote gene flow by facilitating seed or pollen dispersal and thereby reduce among-population differentiation (Kudoh and Whigham, 1997; DeWoody et al., 2004) . However, few studies have examined the extent to which geographic variation in landscape physiognomy has resulted in contrasting patterns of spatial genetic variation in plant species (Till-Bottraud and Gaudeul, 2002; Manel et al., 2003; Hirao and Kudo, 2004; Dechaine and Martin, 2005) .
Neutral genetic diversity and differentiation are also influenced by intrinsic factors, among which the breeding system, in particular the selfing rate and the propensity for clonal propagation, is of crucial importance Godt, 1989, 1996) . Strict or partial clonal propagation should result in nonrandom distribution of genotypes within populations, i.e., genetic substructuring, and generalized linkage disequilibrium within the genome (McLellan et al., 1997; Eckert, 2002; Balloux et al., 2003; Eckert et al., 2003; Halkett et al., 2005) . The extent to which clonal propagation affects genetic diversity and its distribution among and within populations is less clear. Both theoretical and empirical studies indicate that low levels of sexual recruitment can maintain high levels of genotypic variation in predominantly clonal populations (Ellstrand and Roose, 1987; Watkinson and Powell, 1993; Widén et al., 1994; Holderegger et al., 1998; Auge et al., 2001; Bengtsson, 2003) . Recent theoretical treatments indicate that the frequency of clonal propagation is critical for the effects on heterozygosity and genetic structure. They suggest that high rates of asexual reproduction should reduce genotypic diversity, but may increase heterozygosity and lead to negative FIS values and reduced population differentiation (Balloux et al., 2003; Halkett et al., 2005) . In contrast, mixed clonal and sexual reproduction may be very similar to strict sexual reproduction in terms of population genetic consequences (Balloux et al., 2003; Halkett et al., 2005) . Empirical studies have found evidence for both weak (Edwards and Sharitz, 2003) and substantial effects of clonal propagation on measures of genetic diversity and genetic structure in plant populations (Reusch et al., 1999; Ivey and Richards, 2001; Stoeckel et al., 2006) . Additional empirical and theoretical work are thus needed (Stoeckel et al., 2006) .
The importance of clonal growth should vary along environmental gradients affecting conditions for sexual and vegetative propagation (Eckert and Barrett, 1993; Eckert, 2002; Eckert et al., 2003) . Shifts from sexual to vegetative reproduction with increasing altitude and/or latitude have been documented in both vascular plants and mosses (Young et al., 2002; Hassel et al., 2005) and may reflect reduced sexual reproduction or less successful establishment of sexually produced progeny at low temperatures and when the growing season is short (Eckert, 2002) . Poor conditions for sexual reproduction may increase the importance of vegetative propagation also where the availability of mates is low such as in small and sparse populations, and where resources are scarce (Williams, 1975; Sun et al., 2001) . Finally, vegetative propagation may increase where soil conditions allow rhizomes to spread easily, for example, in sandy soils compared to rocky habitats (Hangelbroek et al., 2002 (Hangelbroek et al., , 2003 .
In this study, we quantified variation at microsatellite loci to examine genetic structuring in local populations of the outcrossing perennial herb Arabidopsis lyrata subsp. petraea across two of its main distribution areas in northern Europe, i.e., southwestern Norway and the coast of eastern Sweden. Both areas were probably colonized from ancestral populations that survived in unglaciated refugia south of Scandinavia and thus are likely to share a common colonization history. However, the two areas differ in size and in landscape structure and habitat conditions likely to affect patterns of gene flow and reproductive mode (sexual reproduction vs. vegetative propagation). In southwestern Norway, A. lyrata is found over a large mountainous area in riverbeds and landslides, from sea level up to 1400 m a.s.l. High alpine areas may represent dispersal barriers, and the opportunities for sexual reproduction may become reduced with increasing altitude because of increasingly harsh weather conditions. In Sweden, A. lyrata occurs in a geographically restricted area on exposed shores on the coast of the Bothnian Bay (Jonsell et al., 1995) , which should facilitate gene flow among populations. Arabidopsis lyrata is capable of vegetative propagation through the production of subterranean runners, but the frequency of vegetative propagation has not been quantified in the field.
We addressed the following questions: Is clonal propagation more frequent in populations on sandy soils than in populations inhabiting rock crevices, and does clonal propagation increase with increasing altitude and decreasing population size? Does genetic diversity within populations decrease towards the north and with decreasing population size, and does it differ between Norway and Sweden? Are populations more strongly differentiated in the Norwegian than in the Swedish range? Moreover, because clonal propagation has not been considered in previous population genetic studies of A. lyrata, we examined the effects of including more than one individual of repeated multilocus genotypes when estimating population genetic parameters.
MATERIALS AND METHODS
Study species-Arabidopsis lyrata (L.) O'Kane & Al-Shehbaz is an outcrossing perennial with a circumpolar distribution. Three subspecies are recognized (O'Kane and Al-Shehbaz, 1997), one of which occurs in Europe.
We studied subspecies petraea (L.) O'Kane & Al-Shehbaz [syn.: Arabis petraea L., Cardaminopsis petraea (L.) Hiit.], which has a disjunct European distribution (Jalas and Suominen, 1994) . Studies of A. lyrata have documented high levels of within-population variability in allozyme, microsatellite, and DNA sequence markers (Jonsell et al., 1995; Van Treuren et al., 1997; Schierup, 1998; Savolainen et al., 2000; Clauss et al., 2002; Charlesworth et al., 2003; Kärkkäinen et al., 2004; Clauss and Mitchell-Olds, 2006) . At the same time, A. lyrata populations also seem highly structured with estimated fixation indices FST ranging from 0.12 to 0.59 (Jonsell et al., 1995; Van Treuren et al., 1997; Schierup, 1998; Kärkkäinen et al., 2004) . However, because most studies have included a limited number of populations, and populations sampled on large geographical scales, the regional patterns of neutral genetic structure remain largely undocumented in A. lyrata.
Sampling-We sampled leaf material from 14 Norwegian and 12 Swedish populations of A. lyrata (Fig. 1, Table 1 ). In Sweden, all study populations were located close to sea level, whereas the altitude of the Norwegian study populations ranged from 10 to 1360 m a.s.l. In Norway, all study populations occurred on sand and gravel, whereas in Sweden some populations occurred in rock crevices (Table 1 ). Average population sizes did not differ between the two areas (test conducted on log [number of plants], t ¼ 1.4, P ¼ 0.16). In each population, samples were collected from 20 plants spread across the population. Sampled plants were separated by at least 50 cm except in the small populations S6, N3, N7, and N14, where some sampled plants were separated by only 10-20 cm. The samples were immediately dried on silica gel and stored at room temperature.
Microsatellite procedure-DNA was extracted using the DNeasy 96 Plant Kit (Qiagen, Crawley, UK), following the manufacturer's protocol. We screened for genetic variability using 22 microsatellite markers described in Clauss et al. (2002) . Multiplex PCR was developed following the recommendations of Henegariu et al. (1997) and yielded 22 markers amplified in four reactions (Table 2) . Amplification reactions were performed in a 25-lL volume containing 1.5 lL DNA template, 1 3 Taq Buffer, 2 mM MgCl2, 0.2mM of each dNTP, 2 U AmpliTaqGold Polymerase (all from Applied Biosystems, Stockholm, Sweden), and varying concentrations of primers (determined to optimize the intensity of each microsatellite band, see Table 2 ). For each locus, one primer was fluorescently labeled (Applied Biosystems for NED-labeled primers; Invitrogen, Stockholm, Sweden for HEX-and 6-FAM-labeled primers; Table 2 ), allowing further multiplexing after amplification. The following cycling conditions were used: 10 min at 958C followed by 40 cycles composed of 30 s denaturation at 958C, 30 s annealing at 468C, and 4 min extension at 658C. PCR products from multiplex 1 and 2 and from multiplex 3 and 4, respectively, were mixed in equal proportions and loaded on 5% polyacrylamide gels; electrophoresis was run for 3 h on a 377 ABI Prism automated sequencer. Fragments were detected with the Genescan software, and their fragment sizes were determined with the Genotyper software (Applied Biosystems).
Three loci were not genotyped because of ambiguous banding patterns (AthDET) or numerous missing data (ICE15 and ca72), possibly due to null alleles. One primer pair (AthGAPAb) produced two microsatellite patterns in distinct size ranges, and one locus (MDC16) was completely monomorphic, yielding 19 polymorphic loci.
Statistical analyses-For each population, we calculated the expected heterozygosity (He; Nei, 1987) , the allelic richness (mean number of alleles per locus based on the minimal sample size; El Mousadik and Petit, 1996) , and the fixation index FIS (Weir and Cockerham, 1984) using the program FSTAT (Goudet, 1995) . The statistical significance of FIS was assessed by 1000 random permutations of alleles in each population at each locus. We calculated Spearman rank correlations (rs) to examine whether heterozygosity and allelic richness were related to latitude and population size. Differences in variability measures between Norway and Sweden were tested by 1000 random permutations of populations across countries. The presence of linkage disequilibrium (LD) was tested for all pairs of markers within each population using the log-likelihood ratio G statistic implemented in FSTAT. The percentage of loci in linkage disequilibrium in relation to the maximum possible number of loci in linkage disequilibrium (Pd) was estimated for each population (Stenøien and Såstad, 1999) .
To detect signs of recent bottlenecks, we examined deviations in heterozygosity from mutation-drift equilibrium in each population with the software Bottleneck (Cornuet and Luikart, 1996) . Under the infinite allele model (IAM) or as soon as the mutation model slightly deviates from a pure one-step stepwise mutation model (SMM), the loss of rare alleles in recently bottlenecked populations leads to an excess of heterozygosity relative to the expected heterozygosity with the same number of alleles at mutation-drift equilibrium. Microsatellite loci probably follow an intermediate mutation model between the extreme IAM and SMM (Estoup et al., 2002; Symonds and Lloyd, 2003) . We ran the test by consecutively assuming the IAM, the SMM, and the two-phase mutation model (TPM) with 70% of single-step mutations (the remaining consisting of multiple-step mutations). We performed the implemented Wilcoxon test, considered the most powerful and robust among the proposed tests in the Bottleneck software.
To partition the genetic variance into among-country, among-population within-country, and within-population components, we conducted an analysis of molecular variance (AMOVA; Excoffier et al., 1992) in Arlequin (Schneider et al., 2000) . We estimated the fixation index FST (Weir and Cockerham, 1984) based on the overall data set, within each country, and among all pairs of populations. The statistical significance of FST estimates was tested by 1000 random permutations of individuals across populations using Genetix (Belkhir et al., 1996) . Using FSTAT, we compared the level of population differentiation in the two countries by conducting 1000 random permutations of population across countries. This analysis was also performed between Swedish populations and subsets of Norwegian populations (namely N1 to N4, N5 to N10 excluding N7, and N13 to N16; cf. Fig. 1 ) to account for the difference in range size between Norway and Sweden. We tested for isolation by distance by performing Mantel tests, i.e., testing for correlations between FST/(1 À FST) and the logarithm of geographic distances between pairs of populations. Mantel tests were performed on the overall data set and separately by country using FSTAT.
The geographical distribution of genetic variability was further investigated with two Bayesian methods implemented in the programs Structure (Pritchard et al., 2000; Falush et al., 2003) and BAPS (Corander et al., 2003) . In these analyses, Markov chain Monte Carlo (MCMC) algorithms are used to group individuals (in Structure) or populations (in BAPS) in clusters (where the numbers of clusters is a priori unknown) in such a way as to achieve HardyWeinberg equilibrium and linkage equilibrium within each cluster. The program BAPS was run 10 times with a burn-in period of 10 000 iterations followed by 50 000 iterations. For determining the most adequate numbers of clusters (K), the program Structure was run 10 times for each K value from one to 20, each run comprising a burn-in period of 30 000 iterations followed by 100 000 iterations. In Structure, we used the admixture model (each individual may have inherited some fraction of its genome from ancestors in several clusters) and the independent allele frequencies model (allele frequencies differ randomly across populations; Falush et al., 2003; Pritchard and Wen, 2003) . After the number of clusters (K) was estimated, an AMOVA was used to estimate the proportion of genetic variation explained by the division in K clusters.
We used analysis of covariance to test whether clonality (proportion of identical multilocus genotypes) increased with decreasing population size and differed between areas (Norway vs. Sweden). Because variation in altitude and substrate was observed in only one area each, we examined the relationship between clonality and altitude using data on Norwegian populations (multiple regression model that also included population size as an independent variable), and the relationship between clonality and substrate (sand and gravel vs. rock crevices) using data on Swedish populations (Mann-Whitney U test). There were too few populations sampled on sand and gravel in Sweden to evaluate simultaneously the effects of population size and substrate on clonality.
To assess the probability that observed identical multilocus genotypes were the product of sexual reproduction rather than of clonal propagation, we calculated the product of genotypic probabilities across loci following the procedure for codominant loci outlined by Sydes and Peakall (1998) . For pairs of loci that showed evidence of linkage disequilibrium, only one of the two loci was considered.
All measures of genetic variation within and among populations were calculated on a data set from which redundant genotypes had been excluded, i.e., each multilocus genotype was allowed to be represented by not more than one individual in each population. To assess the influence of vegetative propagation on measures of genetic diversity (paired sampled t tests on expected heterozygosity and allelic richness measures) and genetic structure, we compared these results to those obtained based on a data set that included all sampled plants.
RESULTS
Redundancy of multilocus genotypes-The 19 polymorphic microsatellite markers displayed a total of 77 alleles, with two to 13 alleles per locus (mean 6 SD: 4.1 6 3.0). Despite this considerable variation, identical multilocus genotypes were detected in 12 of 14 populations sampled in Norway and in three of 12 populations sampled in Sweden (Table 3) . Genetically identical samples originated from the same populations except for one multilocus genotype, which was found in populations N4 and N14 in Norway. In all other cases, multilocus genotypes were shared by closest neighbors among sampled plants within populations. The probability that the observed number of samples with identical multilocus genotypes represented separate genets with shared genotypes was 0.0032 or lower in all cases (median [range], 2.7 3 10 À6 [6.3 3 10 À19 À 0.0032], N ¼ 40). Analysis of covariance indicated that the proportion of samples with identical multilocus genotypes decreased with increasing population size (F1,23 ¼ 9.3, P ¼ 0.006) and was higher in Norway than in Sweden (F1,23 ¼ 9.6, P ¼ 0.005; no significant country 3 population size interaction, P . 0.24). Multiple regression analysis conducted on data from Norwegian populations indicated that the proportion of identical genotypes was negatively related to log of population size (P ¼ 0.01) but not significantly related to altitude (P ¼ 0.41). Among Swedish populations, the proportion of identical genotypes did not differ between populations on sand and gravel and populations in rock crevices (Mann-Whitney U test, P ¼ 0.91); evidence of clonal propagation was detected in one of four populations on sand and gravel and in two of eight populations in rock crevices (Tables 1 and 3) .
Genetic variability within populations-Within-population diversity (He and allelic richness) was higher in Swedish populations than in Norwegian populations (H e , P ¼ 0.002; allelic richness, P ¼ 0.032; Table 3 ) but did not vary with latitude (Spearman rank correlations, P . 0.29) or population size (P . 0.07) in either the Norwegian or Swedish range. Multilocus F IS was significantly positive in N15 and S19, and significantly negative in N7 and S15. After Bonferroni correction, there were indications of linkage disequilibrium (LD) between three locus pairs (ICE14-AthGAPAb1 in N4, AthZFPG-AthGAPAb2 in N7, and F20D22-AthCDPK9 in N14) leading to P d values, i.e., percentage of possible locus pairs in significant LD, ranging from 1.5% to 1.8% in the three populations.
Observed heterozygosities suggested that relatively few populations had undergone recent bottlenecks. Assuming the infinite-allele model, the one-tail Wilcoxon test for heterozygosity excess indicated recent bottlenecks in five Swedish populations (after Bonferroni correction). However, heterozy- gosity excess was statistically significant only in population S2 under the two-phase mutation model 70% (corrected P ¼ 0.035) and in no population under the stepwise mutation model.
Genetic variability among populations-Populations were substantially differentiated at microsatellite loci both among and within the two areas. According to the AMOVA, 9.1% of the total genetic variance was found among countries, 22.5% of the variance was within countries among populations, and 68.4% was within populations. Estimates of FST were 0.28 across all populations, 0.23 in Norway, and 0.18 in Sweden. All F ST estimates were statistically significant between pairs of populations except between N1 and N3, N5 and N6, N13 and N16, S2 and S3, and S10 and S13 (Fig. 1) . Over all loci, the F ST estimate was significantly lower in Sweden than in Norway (P ¼ 0.012). However, if Swedish populations were compared to groups of Norwegian populations from an area of similar size (Swedish populations vs. each of N1 to N4, N5 to N10 excluding N7, and N13 to N16), there was no significant difference between differentiation indices in Norway and Sweden (P ¼ 0.90, 0.77, and 0.70, respectively). Finally, genetic and geographic distances were positively correlated, both in the overall data set (P , 0.001), in Norway (P , 0.001, Fig. 2A) , and in Sweden (P ¼ 0.019, Fig. 2B ).
In agreement with F statistics and Mantel tests, Bayesian methods indicated substantial genetic divergence among populations and a certain amount of geographic structuring of genetic variation. In all 10 independent runs of the program BAPS, the existence of 17 clusters was associated with a 0.90 probability, while the partition in 18 clusters had a probability of 0.09. All runs inferred a unique, identical grouping of the populations in 17 clusters (Fig. 1) . Using Structure, the loglikelihood of the data did not reach a maximal value for one given K, but rather progressively increased when K was increased (Fig. 3a) . In such a situation, Pritchard and Wen (2003) suggest selecting the smallest K value that captures the major structure in the data (see also Rosenberg et al., 2001; Heuertz et al., 2004) . Here, the likelihood of the data considerably increased from K ¼ 1 to K ¼ 2 and from K ¼ 2 to K ¼ 3, but this increase was minor with higher values of K (Fig. 3B) . Moreover, separate runs converged on different clustering solutions when K . 5. Thus, graphical representations were drawn for K ¼ 5 (Fig. 1) . In all 10 runs assuming K ¼ 2, Norwegian and Swedish populations were clearly separated (Fig. 4) . The third cluster always differentiated northern Norwegian populations from southern Norwegian populations and from Swedish populations. When K ¼ 4, nine of 10 runs suggested a further division of populations in southern Norway into two groups. All populations could unambiguously be assigned to one cluster, although populations N9 and N10 showed some genetic admixture. Finally, when K ¼ 5, populations in Sweden divided into two groups (this division of Sweden was also suggested by one run with K ¼ 4). An AMOVA showed that 14.7% of the total genetic variance was found among the five clusters.
Effects of clonality on measures of genetic variationCompared to the original analyses, the following differences were observed when redundant genotypes were included. (1) Estimates of both expected heterozygosity and allelic richness were 0.8% lower (H e , t ¼ 2.3, P ¼ 0.03; allelic richness, t ¼ 3.9, P ¼ 0.001; Table 3 ). (2) Multilocus F IS was reduced by 0.014 (t ¼ 2.6, P ¼ 0.02) and became significantly negative in one additional Norwegian population (N14). The reduction in F IS observed when all plants were included in the analysis increased with the proportion of identical genotypes present in the population (regression coefficient, b ¼À0.00182, N ¼ 26,
The number of populations with locus pairs in LD after Bonferroni correction increased from three to nine, with P d values ranging from 1% to 23%. A fivefold increase in LD was observed in population N4 (from 1.5 to 7.6%) and a 15-fold increase in population N14 (from 1.5 to 23%). (4) The estimate of F ST among Norwegian populations increased considerably, from 0.23 to 0.32, while the changes in F ST estimates among Swedish populations (from 0.18 to 0.19) and across all populations (from 0.28 to 0.29) were small.
DISCUSSION
This study documented considerable variation at microsatellite loci within and among natural populations of Arabidopsis lyrata subsp. petraea in Norway and Sweden, two disjunct areas in the northern part of its distribution. Indices of withinpopulation genetic diversity were lower in Norway than in Sweden, indicating a greater influence of genetic drift in the former area. Both multilocus Bayesian approaches and F statistics indicated stronger population differentiation across the Norwegian compared to the Swedish range, but this could apparently simply be explained by a difference in range size. Finally, the results indicate that the frequency of clonal propagation can be high, particularly in Norwegian populations.
Genetic diversity within populations-Populations were less diverse in Norway than in Sweden (He ¼ 0.252 vs. 0.324 and allelic richness ¼ 2.0 vs. 2.2 alleles per locus, respectively). This suggests that genetic drift has influenced the structuring of genetic variation in A. lyrata more strongly in the Norwegian range and may reflect a difference in effective population size. Field estimates of current population sizes did not differ between the two areas, but a higher frequency of vegetative propagation should reduce effective population sizes in the Norwegian range (Chung and Kang, 1996; Jones and Gliddon, 1999) . Recent bottlenecks could strongly influence present-day genetic structure. However, in most populations observed, heterozygosities did not deviate significantly from expectations under different mutation models, providing little evidence of recent bottlenecks.
Fossil and genetic data indicate that, after the last glacial maximum, most temperate plant species colonized northern Europe from refugia in southern Europe (Hewitt, 2000 (Hewitt, , 2004 . Based on its present ecological amplitude, A. lyrata could have colonized the previously glaciated regions of northern Europe from areas south of the ice sheet, but north of the Alps (Clauss and Mitchell-Olds, 2006 Among-population differentiation-Among-population genetic differentiation was strong, as shown by high F ST values (0.28 across Norway and Sweden), numerous clusters inferred by BAPS, and continued increase of data likelihood when the number of clusters was increased in Structure. This pronounced genetic structure had a geographical pattern, with the main divergence between the Norwegian and Swedish ranges, followed by the distinction of three genetic clusters in Norway-clearly separating the northern and southern parts of Norway (N1 to N4 and N5 to N16)-and two genetic clusters in the northern and southern parts of Sweden (S1 to S7 and S8 to S19). Genetic distances were correlated with geographic distances among populations, which is consistent with the model of isolation by distance and with populations at migration-drift equilibrium.
Among-population differentiation was higher in Norway than in Sweden, as reflected by F statistics (F ST ¼ 0.23 vs. F ST ¼ 0.18, respectively) and by the sequential disjunction of genetic clusters by Structure (three clusters were identified in Norway before Swedish populations were split into two clusters). In Norway, A. lyrata populations are found in a large number of different watersheds, whereas in Sweden all populations are located on the coast, which may facilitate gene flow among populations. Contrary to expectations, however, FST estimates did not differ between countries when areas of similar size were compared. The results suggest that the wider distribution area can explain why population differentiation is greater across the Norwegian than across the Swedish range (mean distance between sampled populations was 163 km in Norway vs. 40 km in Sweden) and that gene flow among neighboring A. lyrata populations is not necessarily greater in Sweden than in Norway. Although mountains may represent effective barriers to gene flow in lowland plant species (e.g., Heuertz et al., 2004) , they need not strongly reduce gene flow in plants reaching into alpine areas. In a recent review, TillBottraud and Gaudeul (2002) found no difference in the magnitude of genetic differentiation among populations in mountain compared to lowland environments. More studies are clearly needed to determine how spatial variation in landscape structure affects patterns of gene flow and population structure (Manel et al., 2003) .
Clonal propagation and genetic diversity-Identical multilocus genotypes were detected in many populations, and several observations suggest that they are the result of clonal propagation. First, because of their high polymorphism, microsatellite markers represent a powerful tool when it comes to detecting unique genotypes (Reusch et al., 1999; Van der Strate et al., 2002; Halkett et al., 2005) . In the study populations, the number of polymorphic loci ranged from 10 to 16, and the number of alleles per polymorphic locus from two to 13. The probability that samples with identical multilocus genotypes represented separate genets with shared genotypes was in no case greater than 0.0032 and in most cases markedly lower (median 2.7 3 10 À6 ). It thus seems highly unlikely that insufficient resolution of markers can explain the identical multilocus genotypes observed in several populations. Second, identical genotypes were found within the same populations in all cases but one. And third, in each population they were closest neighbors among sampled plants.
The present survey suggests that sexual reproduction predominates in A. lyrata, but that vegetative propagation is substantial in some populations and more common in the Norwegian than in the Swedish range. Across all populations, the proportion of identical genotypes ranged from 0 to 0.45 (median 0.05; N ¼ 26). Considerable among-population variation in the frequency of clonal propagation has also been documented in other perennial herbs and may be related to population characteristics and environmental conditions (Silander, 1985; Richards, 1986; Eckert, 2002) . In the present study, the proportion of identical genotypes was negatively associated with population size. This may be because vegetative propagation is negatively correlated with the number of potential mates and magnitude of sexual reproduction. Alternatively, it may simply reflect a higher probability of detecting clonal propagation with a fixed sample size as the population size decreases. In three Norwegian populations covering limited areas (N3, N7, and N14; range 8-80 m 2 , see Table 1 ), sampled plants were separated by relatively short distances, which probably made the detection of vegetative propagation more likely. However, substantial proportions of identical genotypes were found also in populations occupying rather large areas (e.g., in population N4 covering 800 m 2 and population N16 covering 300 m 2 ), and no clonal propagation was detected in the Swedish population S6, in which closely located plants were sampled. Identical multilocus genotypes were more frequent in Norwegian than in Swedish populations. The proportion of identical genotypes ranged from 0 to 0.45 (median 0.15) in Norway and from 0 to 0.15 (median 0) in Sweden. This difference could not be explained by differences in population size, substrate, or altitude, and is apparently caused by some other factor influencing the frequency of clonal propagation in A. lyrata.
As expected for a predominantly outcrossing species, most genetic diversity was found within populations of A. lyrata (68% of the total genetic variance), and expected heterozygosity was high. These findings agree with previous surveys of variation at allozyme and microsatellite loci in A. lyrata (Jonsell et al., 1995; Schierup, 1998; Van Treuren et al., 1997; Savolainen et al., 2000; Clauss et al., 2002; Kärkkäinen et al., 2004; Clauss and Mitchell-Olds, 2006) . However, estimates of the within-population fixation index F IS were significantly positive in two of 26 populations. Positive FIS values were probably due to population substructure (Wahlund effect) and/ or to inbreeding. A detailed study of a German A. lyrata population revealed that small-scale spatial genetic structure among ca. 2 3 2 m large rock outcrops could explain a positive F IS at the population level (Clauss and Mitchell-Olds, 2006) . Morevoer, biparental inbreeding and correlations of paternity have been documented in A. lyrata populations in Iceland (Schierup, 1998) . Finally, partial selfing could potentially contribute to inbreeding in some populations. Controlled crosses indicated strong self-incompatibility and severe inbreeding depression in a Swedish A. lyrata population (Kärkkäinen et al., 1999) . However, self-compatible populations have been identified in the North American subspecies of A. lyrata (Mable et al., 2005) , and we cannot exclude the possibility that some Scandinavian populations contain selfcompatible genotypes.
Effects of clonal propagation on measures of genetic diversity-The inclusion of replicates of multilocus genotypes tended to decrease estimates of FIS, and increase estimates of linkage disequilibrium (LD) and population differentiation, and these effects were particularly strong for Norwegian populations. In one Norwegian population (N14), the proportion of locus pairs in LD was as high as 23% when redundant genotypes were included, which can be compared to 35% of polymorphic loci in LD in a genetically variable Norwegian population of the highly inbreeding A. thaliana (Stenøien et al., 2005) . Clonality has also been observed to decrease F IS and increase linkage disequilibrium in the self-incompatible, partially clonal tree Prunus avium (Stoeckel et al., 2006) . In Norway, the mean F ST was 0.23 when redundant genotypes were excluded and 0.32 when redundant genotypes were included in the analysis. In Sweden, where the frequency of identical multilocus genotypes was markedly lower, the inclusion of redundant genotypes affected the estimate of FST only marginally. It is unknown to what extent clonality has influenced estimates of genetic differentiation on large geographical scales (Jonsell et al., 1995; Van Treuren et al., 1997; Schierup, 1998; Kärkkäinen et al., 2004) , but the present results suggest that clonal propagation may contribute to high estimates of regional population differentiation in A. lyrata.
Conclusions-This survey of genetic variation at microsatellite loci has revealed considerable population differentiation in the northern part of the A. lyrata distribution in Europe and provides a baseline for interpreting genetic differentiation at loci affecting characters of putative adaptive significance, such as flowering time (Rihimäki and Savolainen, 2004; Sandring et al., 2007) and trichome production (Kärkkäinen et al., 2004; Kivimäki et al., 2007; Løe et al., 2007) . Furthermore, this Fig. 4 . Population structure of Arabidopsis lyrata in Norway (populations N1-N16) and Sweden (populations S1-S19) estimated by the program Structure and graphically displayed with the program Distruct (Rosenberg, 2004) . Each individual is represented by a thin, vertical line, which is partitioned into colored K segments that represent the individual's estimated membership fractions in K clusters. Black lines separate individuals of different populations. Ten Structure runs at each K produced highly consistent solutions, and the results associated with the highest probability are shown. K, number of clusters.
survey has demonstrated that vegetative propagation should be considered in ecological and genetic studies of A. lyrata. Nonrandom sampling may compromise assumptions in standard statistical tests and influence estimates of variability and structuring (McLellan et al., 1997; Montalvo et al., 1997; Reusch et al., 1999; Ivey and Richards, 2001) . As assurance that sampled plants represent distinct genetic individuals, they should be either far apart or genotyped before analysis.
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